The objectives of this paper are to use Direct Coal Liquefaction Residue (DLCR) to modify the asphalt binders and mixtures and to evaluate the performance of modified asphalt mixtures. The dynamic modulus and phase angle of DCLR and DCLR-composite modified asphalt mixture were analyzed, and the viscoelastic properties of these modified asphalt mixtures were compared to the base asphalt binder SK-90 and Styrene-Butadiene-Styrene (SBS) modified asphalt mixtures. The master curves of the asphalt mixtures were shown, and dynamic and viscoelastic behaviors of asphalt mixtures were described using the Christensen-AndersonMarasteanu (CAM) model. The test results show that the dynamic moduli of DCLR and DCLR-composite asphalt mixtures are higher than those of the SK-90 and SBS modified asphalt mixtures. Based on the viscoelastic parameters of CAM models of the asphalt mixtures, the high-and low-temperature performance of DLCR and DCLR-composite modified asphalt mixtures are obviously better than the SK-90 and SBS modified asphalt mixtures. In addition, the DCLR and DCLR-composite modified asphalt mixtures are more insensitive to the frequency compared to SK-90 and SBS modified asphalt mixtures.
Introduction
Currently, the design method of asphalt pavement in China is based on the static and elastic layer system models [1] . The stress and strain of each layer can be calculated using the static modulus of asphalt mixtures. However, the static modulus is used to represent the property of each layer which is inaccuracy since the loading on the pavement is dynamic. It is necessary to use the dynamic modulus to calculate the mechanical property of each layer. The dynamic modulus was used in the United States in 1980. The National Cooperative Highway Research Program-(NCHRP-) 465 report indicates that the dynamic modulus of asphalt mixtures can be used to evaluate the permanent deformation [2] . The dynamic modulus test can also be used to evaluate the service quality of the subgrade and pavement [3] . The NCHRP-702 and 580 reports present the standard and accuracy of the dynamic modulus test, and the reports suggest that the high-and low-temperature performance of asphalt mixtures can be predicted using the master curve of the dynamic modulus [4, 5] . The NCHRP-629 report also reveals that the durability of asphalt pavement can be evaluated using the dynamic modulus of asphalt mixture [6] . The permanent deformation and cracking growth pattern of asphalt mixtures were studied using the dynamic modulus test, and the initiation of cracks started with the change in the phase angle of asphalt mixtures, 2 Advances in Materials Science and Engineering and the permanent deformation and fracture model were proposed [7] . The relationship between the rutting and dynamic modulus was also established [8] . The dynamic moduli of the modified asphalt mixtures were fitted by master curves [9] . The dynamic modulus of asphalt mixtures can be investigated using the actual stress and strain response of pavement [10] . The dynamic modulus is a basic parameter for the design of asphalt pavement in many countries, and it has been widely accepted [11, 12] . In the specifications of American Association of State Highway and Transportation Officials (AASHTO), the design guideline for new pavement and regenerated pavement 2002 and the guideline for asphalt pavement mechanics-empirical design method (2002) was put forward by the NCHRP program [13, 14] , and the dynamic modulus of asphalt mixtures can be considered one of the essential parameters in pavement design. It is possible to track the dynamic and viscoelastic behaviors of asphalt mixtures over a full temperature range through the master curve of asphalt mixtures [15] . The master curve of the dynamic modulus was plotted using the Christensen-Anderson-Marasteanu (CAM) model, and the viscoelastic properties of asphalt mixture were characterized [16, 17] . In addition, the performance of asphalt mixtures can be influenced by the properties of asphalt binders and aggregates. Many modifiers were used to modify and improve the performance of asphalt binders including polymer, waste materials, and by-products, and different surface treatments were also used to enhance the adhesion between aggregates and binders. Currently, the Direct Coal Liquefaction Residue (DCLR) is the main byproduct produced in the process of the direct coal liquefaction, which accounts for 30% of the total amount of raw coals [18] . The DCLR contains 30%-50% heavy oil and asphaltene materials [19, 20] , and it has a potential to be developed for a modifier. The DCLR is mainly used as a fuel for heating, which not only causes serious environmental pollution but also reduces its economic value and leads to a waste of valuable resources.
At the beginning of the last century, researchers began to study the properties and applications of DCLR including the main structure and pyrolysis characteristics [21] . The DCLR modified asphalt binder was prepared using blending ESSO-70 asphalt binder and DCLR, and the optimum DCLR content was 7%-21% [22] . If the DCLR content was 5%, the properties of the DCLR modified asphalt binder met the technical standard of asphalt binders (Penetration grade number 50) [23] . The high-temperature performance of asphalt binders was improved [24] , but low-temperature performance was reduced by the addition of DCLR [25] . The surface energies of the DCLR modified asphalt binders were calculated by Wilhelmy plate method and the microscopic properties were examined [26, 27] . The characteristics of the DCLR modified asphalt binder were researched by means of Thermogravimetric Analysis-Fourier Transform Infrared Spectroscopy (TG-FTIR), Fourier transform infrared spectroscopy (FTIR), and Fluorescence Optical Microscopy (FOM). The heavy oil can enhance the ductility and penetration of DCLR modified asphalt binders while the asphaltenes and preasphaltenes increase the softening point of DCLR modified asphalt binders [28] . The modified asphalt binder was prepared by the addition of the tetrahydrofuran soluble fraction (THFS) and the benzaldehyde was used as the cross-linking agent. The conditions during the preparation of the modified asphalt binders were studied, such as mixing temperature, ratios of THFS, and cross-linking agent. The results show that the DCLR modified asphalt binder has better properties with the utilization of the cross-linking agent [28] . The mesophase pitches were prepared by the hydrogenation and polycondensation from the Shenhua DCLR. The element analysis and FTIR were used to investigate the composition and structure of DCLR modified asphalt binders. The effects of tetrahydrogen naphthalene and reaction temperatures were studied, as well as the morphologies of mesophase pitches [29] .
Based on the discussions of the DCLR materials, it can be seen that DCLR can be used as an asphalt modifier to improve high-temperature properties of asphalt binders, while it may have a negative impact on low-temperature performance. Therefore, it is meaningful to use DCLR to conduct research on the dynamic modulus or properties under consideration of the environmental issue and economic value. The master curve was plotted to understand the dynamic modulus of asphalt mixtures. The Christensen-Anderson-Marasteanu (CAM) model was also used to study the viscoelastic behaviors of DCLR and DCLR-composite modified asphalt mixtures. 
Objectives and Test Methods

Objectives and Experimental
Test Materials
Modifier. The DCLR was produced from China Shenhua
Coal to Liquid and Chemical Co., Ltd. The Styrene-Butadiene-Styrene (SBS) was purchased from Sinopec Yanshan Petrochemical Co., Ltd., and rubber powders were bought from Antai Rubber Co., Ltd. In accordance with Test Methods of Asphalt and Asphalt Mixtures for Highway Engineering (JTGE20-2011), the physical properties of test materials were measured and are listed in Table 1 .
Asphalt Binders.
The SK-90 asphalt binder was used as the base asphalt binder, which was produced from South Korea. 3.4% SBS was added in the asphalt binder by mass of SK-90 asphalt binder, and the SBS modified asphalt binder was formed. The DCLR-composite material contains 10% DCLR, 2% SBS, and 15% rubber powder by mass of SK-90 asphalt binder. These materials were added to the SK-90 asphalt binder, and the DCLR-composite modified asphalt binder was prepared at a temperature of around 135 ∘ C.
According to Test Methods of Asphalt and Asphalt Mixtures for
Highway Engineering (JTGE20-2011), properties of the asphalt binders were measured and are shown in Table 2 . In addition, the Dynamic Shear Rheometer (DSR) and Bending Beam Rheometer (BBR) tests were employed to evaluate the performance of asphalt binders under the Rolling Thin Film Oven (RTFO) and Pressure Aging Vessel (PAV) aging conditions. The DSR and BBR results of the asphalt binders are shown in Table 3 . Table 2 shows the test results of asphalt binders including the penetration, softening point, and ductility. The SK-90 asphalt binder had a high penetration at 25 ∘ C, and the penetrations of modified asphalt binders decreased after the modification by SBS, DCLR, and DCLR-composite. It indicates that the modified asphalt binders become hard after the modification. The softening points of the modified binders increased after modification compared to the SK-90 base asphalt binder, and the DCLR-composite modified asphalt binder improved the most. It is likely that high-temperature performance of the modified asphalt binders was enhanced after modification. It can be expected that the ductility of the modified binders decreased greatly after modification. The SBS improved the ductility of modified asphalt binder. The low-temperature performance of the binders possibly degraded after modification for the DCLR modified binder. The ductility of the modified asphalt binders improved after RTFO compared to the SK-90 binder. Tables 4 and 5.  Tables 4 and 5 show the specific gravity, wear loss, angularity, and sand equivalent of the coarse and fine aggregates, as well as the gravity, water content, hydrophilic coefficient, and plasticity index. The results of aggregates meet the requirements of standards, and the aggregates can be used to make the asphalt mixture samples. The same aggregate was used for the mixture in this project.
Asphalt Mixture.
The AC-20C (AC: Asphalt Concrete) asphalt mixture was adopted, and the gradation of the asphalt mixture is presented in Figure 1 . The asphalt mixture was mixed and compacted based on the Marshall and Superpave systems. The mixing and compaction temperatures of modified asphalt mixtures were based on the temperatures of the base asphalt mixture. The mixing temperature of DCLR and SBS modified asphalt mixtures is around 160 ∘ C, and the compaction temperature is around 155 ∘ C, as well as the SK-90 asphalt mixture. The mixing and compaction temperatures of DCLR-composite modified asphalt mixtures are 175 ∘ C and 170 ∘ C, respectively. Table 6 shows the volume indexes of the asphalt mixtures at the optimum asphalt content. The dynamic stability is used to access the resistance to permanent deformation and the tensile strength ratio (TSR) is used to evaluate the moisture damage of asphalt mixtures. The properties of the asphalt mixtures are shown in Table 7 after dynamic stability and tensile strength ratio tests.
The compaction parameters and volumetric properties of asphalt mixtures were displayed, and the dynamic stability and tensile strength ratio were tested. The dynamic stability and TSR of the modified asphalt mixtures increased compared to the base mixture, and the dynamic stability and TSR of DCLR-composite modified asphalt mixture were higher than those of other mixtures. This implies that the DCLR-composite modified asphalt mixture has better overall performance (high-temperature performance and moisture susceptibility) compared to other mixtures. It is possible that the rubber powder, SBS, and DCLR in the DCLRcomposite enhance the high-temperature performance and moisture resistance. The DCLR and SBS both can improve the resistance to rutting in asphalt mixtures, and it is deduced that the rubber powder could be effective to the enhancement of moisture resistance in asphalt mixtures.
Results and Discussions
Dynamic Modulus Test. The dynamic modulus of the asphalt mixture was tested by Universal Testing Machine (UTM-25). The test conditions of the dynamic modulus are that test temperatures are 5
∘ C, 15 ∘ C, 35 ∘ C, and 50 ∘ C, and frequencies are 25 Hz, 10 Hz, 5 Hz, 1 Hz, and 0.1 Hz. The dynamic modulus and phase angle were collected during testing. The dynamic modulus is the ratio of stress to strain under different conditions, and the phase angle indicates the viscous part of asphalt mixtures. Dynamic modulus ( * ) and phase angle ( ) of four asphalt mixtures are shown in Figures 2-5 .
The dynamic moduli of DCLR and DCLR-composite modified asphalt mixtures were 17008 MPa and 16723 MPa at 15 ∘ C and 10 Hz, respectively. Based on the definition of highmodulus asphalt mixture in France or China, the modulus of the mixture should be higher than 14000 MPa at 15 ∘ C and 10 Hz [30] [31] [32] . DCLR and DCLR-composite modified asphalt mixtures met the technical standards of high-modulus asphalt mixtures. The dynamic moduli of the asphalt mixtures declined with the increase in temperature and increased with the increase in frequency. At the same temperature, the higher the frequency is, the higher the dynamic modulus of the asphalt mixture is. At a high temperature and low frequency, the dynamic modulus of asphalt mixture is minimum. Therefore, in the summer, it is potential that permanent deformations occur in the slow lanes and parking lots, such as rutting at high temperatures. Furthermore, the dynamic moduli of the asphalt mixtures increased rapidly in the range of 0.1 HZ-5 Hz and increased slowly and approached stability when the frequency exceeded 5 Hz.
The phase angle of asphalt mixtures is a key parameter to characterize the viscoelastic property. The smaller the phase angle is, the more elastic the asphalt mixture is. The larger the phase angle is, the more viscous the asphalt mixture is. When the temperature was lower than 35 ∘ C, the phase angle of the asphalt mixtures decreased with the rise in frequency and declines at the range of 0.1 Hz-5 Hz. When the temperature is higher than 35 ∘ C, the phase angle of the asphalt mixtures increased with the increase of the frequency at the range of 0.1 Hz-1 Hz and stay stability after 1 Hz. This indicates that the asphalt mixture is more elastic at a low temperature and high frequency; and asphalt mixture is more viscous at a high temperature and low frequency. Furthermore, it is found that the influence of the temperature on the viscoelasticity of asphalt mixtures is more than that of the frequency.
When the frequency was constant, the phase angle of asphalt mixture increased with the increase of temperature, and it indicates that asphalt mixture is more viscous at high temperatures. Asphalt mixtures demonstrated a more viscous state under high temperatures and low frequencies. The comparison of the dynamic modulus and phase angle of the asphalt mixtures at different temperatures under a loading frequency of 10 Hz is demonstrated in Figure 6 , since this frequency is equivalent to a vehicle speed of 65-70 km/h [33] .
The dynamic moduli of DCLR and DCLR-composite modified asphalt mixtures were higher than those of SK-90 and SBS modified asphalt mixture at different temperatures at 10 Hz. The dynamic moduli of the asphalt mixtures declined with the increase of temperature. The dynamic moduli of the asphalt mixtures declined slowly at 0 ∘ C-35 ∘ C, while the dynamic moduli of the asphalt mixtures dropped fast and finally approached the same level at 35 ∘ C-50 ∘ C. This indicates that the deformation resistance of asphalt mixture gradually declined with the increase of temperature. The DCLR and DCLR-composite modified asphalt mixtures had a good resistance to deformation at high temperatures compared to SK-90 and SBS modified asphalt mixtures. The phase angles of DCLR and DCLR-composite modified asphalt mixture were lower than those of SK-90 and SBS modified asphalt mixture at different temperatures. The phase angle of the asphalt mixtures increased with the rise in temperature. The phase angle of the asphalt mixtures increased rapidly at 5 ∘ C-15 ∘ C and 35 ∘ C-50 ∘ C, while at 15 ∘ C-35 ∘ C, the phase angle of the asphalt mixtures increased slowly. This shows that the viscous part of the asphalt mixtures became strong with the rise in temperature. Compared to SK-90 and SBS modified asphalt mixtures, the DCLR and DCLR-composite modified asphalt mixture had a good elastic property. The phase angle of DCLR-composite modified asphalt mixture was smaller than that of DCLR modified asphalt mixture at a high temperature, which was due to the addition of SBS and rubber powders. It means that it is more elastic at high temperatures compared to the DCLR modified asphalt mixture.
Master Curve of the Dynamic Modulus.
According to the time-temperature equivalent principle of viscoelastic materials, the dynamic modulus curve at different temperatures and frequencies can be composed into a smooth curve (master curve) at a reference temperature through a shift. The master curve can be used to predict the viscoelastic properties of asphalt mixtures at a low frequency or high frequency that is difficult to reach in the lab. The master curves of dynamic modulus of the asphalt mixtures were plotted in Figure 7 based on [34] log (
Advances in Materials Science and Engineering where * is the dynamic modulus of asphalt mixtures; red is the reduced frequency under the reference temperature; , , , and are the regression coefficients. It can be seen from Figure 7 that the master curve tended to change slowly and approach an asymptote. The DCLRcomposite modified asphalt mixture had the highest dynamic modulus value. The order is followed by the DCLR, SBS, and SK-90 asphalt mixtures. The dynamic moduli of DCLR and DCLR-composite modified asphalt mixtures were closer and higher than those of the SK-90 and SBS modified asphalt mixtures when the loading frequency was higher than 0.1 Hz. The dynamic modulus of the asphalt mixtures increased after the addition of DCLR and DCLR-composite, and this indicates that this addition improves the resistance to permanent deformation in the asphalt mixtures at high temperatures. It is likely that the DCLR and DCLR-composite modified asphalt mixtures could be used for the parking lots or slow lanes due to the effective prevention of permanent deformations.
Christensen-Anderson-Marasteanu (CAM) Model.
On the basis of the Christensen-Anderson (CA) model, the Christensen-Anderson-Marasteanu (CAM) model was further developed. The CAM model has a clearly physical meaning [35] compared to the CA model. This paper used the CAM model to study the viscoelastic behaviors of DCLR and DCLR-composite modified asphalt mixtures. The CAM model mainly consists of four equations: the complex modulus master curve, the storage modulus master curve, the phase angle, and the temperature-displacement factor. 
Master Curve for the Complex Modulus.
The equation for describing the complex modulus master curve of asphalt mixtures in the CAM model is shown in formula (2). The starting frequency when the master curve enters into the high temperature or low frequency limit state is defined as the second limit frequency. The range between the two limit frequencies is called the rheological region. In this range, the rheological properties of asphalt mixture were affected by frequency and temperature, and the phase change of asphalt mixture mainly occurred in this region. The regions outside the two limit frequencies are called the low frequency steady state zone and the high frequency steady state zone. In these zones, the rheological properties of asphalt mixture were not affected by the frequency or temperature. The modulus corresponding to the limit frequency of low frequency steady state is called the complex modulus in equilibrium state * , and the modulus corresponding to the limit frequency of high frequency steady state is called the complex modulus in the glass state * . In addition, the turning point, of which asphalt mixtures transition from a low frequency steady state to a rheological region, it is called the low frequency turning point . The changing point, of which asphalt mixtures transition from rheological to a high frequency steady state, is defined as the high frequency turning point . The intercept of * and * in logarithmic coordinates is denoted (see (3)), which relates to morphological parameters and . A high value indicates that the change from the elastic behavior to the viscous behavior is easier.
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where * is the dynamic modulus; * is the complex modulus of the equilibrium state;
* is the complex modulus of the glass state; is the elastic limit threshold, which is the critical frequency for asphalt mixture transitioning from the viscous flow zone into the rheological zone; and are the dimensionless morphological parameters. The parameter * describes the resistance to rutting in asphalt mixtures at high temperatures. The parameter * results of DCLR and DCLR-composite modified asphalt mixtures were much larger than those of SK-90 and SBS modified asphalt mixture. This shows that the addition of DCLR and DCLR-composite can significantly improve the rutting resistance of asphalt mixtures at high temperatures. The parameters * and depict the resistance to permanent deformation in asphalt mixtures at low temperatures. The coefficients and denote the sensitivity of asphalt mixtures to the frequency. The SBS modified asphalt mixture has an easy transition from the elastic part to the viscous part compared to other mixtures. Based on the results of the curve fitting, the DCLR and DCLR-composite modified asphalt mixtures had a lower sensitivity to the frequency. The correlation degrees of CAM model fitting of the asphalt mixtures were all above 0.999, which proves that the CAM model can characterize the viscoelastic behavior of the asphalt mixtures.
Dynamic and Viscoelastic Properties of
Conclusions
The DCLR and DCLR-composite were used to modify the base asphalt binder, and the properties of modified asphalt mixtures were analyzed compared to SK-90 and SBS modified asphalt mixtures. The viscoelastic properties of asphalt mixtures were studied using the CAM model, and the following conclusions can be drawn.
(1) The DCLR and DCLR-composite modified asphalt mixtures had higher dynamic moduli and smaller phase angles than those of the SK-90 and SBS modified asphalt mixtures. This indicates that the DCLR and DCLR-composite modified asphalt mixtures are more elastic compared to the SK-90 and SBS mixtures. ( 2) The dynamic modulus of the DCLR-composite modified asphalt mixture was higher than those of other mixtures when the frequency was smaller than 0.1 Hz. Otherwise, the dynamic moduli of the DCLR and DCLR-composite modified asphalt mixtures were close to each other and higher than those of SK-90 and SBS modified asphalt mixtures. The high-and low-temperature performance of the DCLR-composite modified asphalt mixture were better than the other mixtures, as well as the DCLR modified asphalt mixtures. (3) The utilization of the CAM model helps analyze the viscoelastic properties of asphalt mixtures, and a good fit and correlation are observed. The resistance to permanent deformation in asphalt mixtures was enhanced by the addition of the DCLR and DCLRcomposite in the base asphalt mixture. The DCLR and DCLR-composite modified asphalt mixtures exhibited a less sensitivity to the frequency based on the parameter results of the CAM model, such as coefficients and .
